Abstract This study aimed to investigate whether inhalation of the air with 30% oxygen compared with normal air enhances cognitive functioning through increased activation in the brain. The verbal and visuospatial tasks were performed while brain images were scanned. The results showed that there were improvements in performance and also increased activation in several brain areas under the condition of 30% oxygen. These results suggest that a higher concentration of the inhaled oxygen increases the saturation of the blood oxygen in the brain, and facilitates cognitive performance.
Introduction
The brain is very sensitive and the most metabolically active organ in the body. In the adult mammalian cerebral cortex, glucose is the major energy source. A majority of neurons in the cerebral cortex are glutamtergic ones (Shepherd, 1994) . The glucose utilization in the cerebral cortex reflects the neurotransmitter action of glutamatergic neurons (Shulman and Royhman, 1998) . Oxygen is mostly used for the breakdown of glucose. When presence of oxygen, 32-34 ATP is produced per glucose, but when its absence only 1-2 ATP is produced.
It is known that the levels of both glucose and oxygen are increased while performing a cognitive task (Horwitz et al., 1995; Phelps et al., 1981; Reivich and Alavi, 1983) . The external oxygen administration has been proved to have a positive effect on cognitive performance (Moss et al., 1996; Scholey et al., 1999) and improve the aspects of everyday memory and matching names to faces (Winder and Borrill, 1998) .
These previous studies on the effects of oxygen administration, however, have focused only on behavioral cognitive performance and not the direct effects on the brain. As a result, research is necessary to identify the underlying brain mechanism that accounts for these behavioral effects produced by increased oxygen administration.
We hypothesized that inhalation of the highly concentrated oxygen activates energy production, and enhances neural activation in the brain during cognitive tasks, which in turn improves performance. To test this hypothesis, we simultaneously measured the level of cognitive performance and neural activation in the brain with functional Magnetic Resonance Imaging (fMRI).
Methods

Participants
Nine healthy right-handed male college students (24.4Ϯ2.5 years old) participated in the study. None of the participants reported having a history of psychiatric or neurological disorders. The study was performed under the regulations of our Institutional Review Committee.
Oxygen administration
An oxygen supply apparatus equipment (OxyCure Co., Korea) which gives 21% and 30% oxygen at a constant rate of 8 L/min was designed for this study. To maintain the steady flow and constant concentration level of oxygen, the subjects inhaled through a home-made mask without any instruction on the concentration level.
Cognitive tasks
We developed the items for verbal and visuospatial tasks from the Korean versions of an intelligence test, an aptitude test, and a general aptitude battery (GATB) (Lee, 1982; Lee and Kim, 1985; Park, 1985) .
Experimental procedure
In each cognitive task, the experiment consisted of two runs, one with a 21% level of oxygen and the other with a 30% oxygen level. Each run consisted of 4 trials, and each trial consisted of 4 blocks, each containing control and cognitive items. The control and cognitive tasks were presented using SuperLab 1.07 (Cedrus Co.). The items were projected onto a screen to a subject who was instructed to press a button to respond to the given items. The paradigm for the fMRI experiment showed in Fig. 2 .
Imaging parameters
Scanning was conducted on a 3.0 T whole-body ISOL Technology FORTE scanner (ISOL Technology, Korea). Single-shot echoplanar pulse sequence was adopted for the fMRI imaging. The parameters for fMRI were as follows: the repetition time/echo time [TR/TE] were 3000/35 ms, respectively, flip angle 60, field of view 240 mm, matrix 64ϫ64, slice thickness 4 mm, and in-plane resolution 3.75 mm. T1-weighted anatomic images were obtained with a 3-D FLAIR sequence (TR/TEϭ280/14 ms, flip angleϭ60, FOVϭ 240 mm, matrixϭ256ϫ256, slice thicknessϭ4 mm).
Data analysis
The fMRI data were analyzed with SPM99 (Welcome Department of Cognitive Neurology, London, UK). All functional images were realigned and coregistered to the participant's anatomical images obtained within each session, and normalized to the template image in the SPM99.
Statistical analysis was done individually, and then as a group using the general linear model and the theory of Gaussian random fields implemented in SPM99 (Friston et al., 1995) . Using the subtraction procedure, the activated brain areas during cognitive tasks were color-coded by T-score. A double subtraction procedure was then used to contrast cognitive tasks-related versus control tasks-related activation in the 30% concentration state relative to the 21% state.
Results
Behavioral performance
During 30% oxygen inhalation, 6 subjects had higher verbal performance scores and 3 got almost the same accuracy scores compared with 21% oxygen inhalation. The mean accuracy rates were 52.75Ϯ5.55% (Mean Ϯ Standard Deviation) and 63.07Ϯ12.53% for 21% and 30% oxygen administration, respectively. There was a statistically significant difference between the two experimental concentrations (paired t(8)ϭϪ2.466, pϭ0.039) .
Seven out of 8 subjects (the result of one of the 9 subjects excluded due to severe motion artifact) showed a higher mean accuracy rate in the visuospatial task under the 30% oxygen condition than under the 21% oxygen condition. The mean accuracy rates were 50.63Ϯ8.63% and 62.50Ϯ9.64% for 21% and 30% oxygen administration, respectively, with a statistically significant difference between the two oxygen conditions (t(7)ϭϪ3.252, pϭ0.014).
Brain activation
The brain areas significantly activated (corrected pϽ0.05) during the verbal and visuospatial tasks with 21% and 30% oxygen administration were as follows: The activated areas during the verbal task were the cerebellum, bilateral middle frontal, bilateral inferior frontal, and bilateral medial frontal, bilateral cingulate, left superior and inferior parietal, left middle temporal, lingual, and lateral occipital gyri. For the visuospatial task, significant activations were observed in the cerebellum, thalamus, pons, occipital lobe (the parietal lobe including bilateral superior parietal, bilateral inferior parietal lobes, bilateral precuneus, and bilateral postcentral gyri), frontal lobe (the bilateral middle frontal gyri, bilateral inferior frontal gyri, bilateral medial frontal gyri, bilateral superior frontal gyri, and bilateral cingulate gyri).
To obtain the contrast effect of 21% vs. 30% oxygen condition the double subtraction method was used. The results were shown in Fig. 3 . The much more activated areas in the 30% condition for the verbal task were in the right frontal lobe (the right middle frontal, right inferior frontal, right superior frontal, and right medial frontal gyri), cingulate gyrus, left temporal (the middle temporal and fusiform gyri). During the 52 Effects of Oxygen on Cognition Fig. 2 The fMRI experimental procedure (e.g. verbal task). visuospatial task, significantly more activated areas in the 30% oxygen condition were the left precuneus, left cuneus, right postcentral, bilateral middle frontal, right inferior frontal, left superior frontal gyri, bilateral uvula, bilateral pyramis, and nodule, which were activated in both levels of oxygen.
Discussion
Our results confirm that highly concentrated oxygen inhalation improves the verbal and visuospatial performance as it does on memory as reported by others (Moss and Scholey, 1996; Winder and Borrill, 1998; Scholey et al., 1999) .
Almost all the brain areas activated during cognitive tasks were much more activated under the inhalation of 30% oxygen than under that of 21% oxygen. For example, there was an increase of activation during 30% oxygen inhalation, especially in the parietal lobe and frontal lobes that are known to be responsible for visuospatial cognition (Carpenter et al., 1999; Fink et al., 2001; Ng et al., 2000) .
We further confirmed that SpO 2 was increased from 97.5% to 98.1% when oxygen increased from 21% to 30% (in preparation for publication). This means that the increased amount of O 2 must have been prepared and used for the cognitive process.
We therefore suggest that administration of the highly concentrated oxygen makes the brain oxygen-sufficient, enhancing activation of the responsible neural network for the task and thereby facilitating cognitive performance.
